Although several physically based sediment runoff models have been proposed, sediment production and supply to river channels has not been considered in detail. In this paper, we introduce a freeze-thaw action model and gully erosion model for sediment production, and a talus erosion model for sediment supply. Each numerical model is connected to the sediment transport model proposed by Egashira and Matsuki (2000) . Applying this combined model to a real mountainous basin, we confirm that this can express some sediment runoff characteristics in this geomorphological context; for example, seasonal variation of sediment runoff, temporal variation of the deposited sediment amount in the talus, and differences between upstream and downstream riverbed deformation.
INTRODUCTION
Sediment runoff processes from production to run off can be divided into three subprocesses; sediment production on the mountain slopes, sediment supply to channels, and sediment transport within channels. The definition of each process differs according to different researchers; however, each subprocess is defined as shown in Table 1 in this study. Sediment production is defined as the process by which fresh sediment is generated and deposited near channels. Sediment production, especially in mountainous watersheds, produces sediment deposits and forms talus cones. Talus cones are eroded, especially during floods. This process can be termed as a sediment supply process, defined as the movement of the produced sediment from outside to within channels. Finally, the sediment transport process is defined as the movement of sediments by water flow within channel systems.
The volume of sediment outflow from the mountainous watershed is dependent not only on channel conditions but also on the sediment production process. In particular, the volume of sediment outflow on the same scale of water discharge differs depending on the volume of movable sediment in the channel systems. For example, the volume of sediment outflow in spring is larger than that in autumn, as sediments are produced due to freeze-thaw action in the early spring 1) . Several numerical models of sediment runoff have been proposed [Takahashi et al. 2) , Egashira and Matsuki 3) , Sunada and Hasegawa 4) ]. These models predict sediment outflow from data related to rainfall or water discharge, along with some field surveys. However, there is room for improvement on the sediment production and supply process because these models employ only empirical or statistical methods. To solve these problems, it is important to introduce and integrate the physically based numerical models for each subprocess into one model. In this study, two models were considered: the numerical model, which can deal with the mechanism of sediment production due to freeze-thaw action; and the sediment supply model, which can describe the process of talus erosion. These were connected to the sediment transport model proposed by Egashira and Matsuki 3) . The model was applied to an actual watershed located in the Japanese central mountainous region. We discuss the sediment production and outflow volume comparing calculated and observed values.
DEVELOPMENT OF THE INTE-GRATED MODEL (1) Target phenomena and watershed
This study was conducted in the Ashiarai-dani basin located in Gifu-prefecture, Japan. In this study, the unit slope and unit channel method 3) was employed to express the watershed system. l i is the length of the unit channel i, and s i is the summary of the area of unit slopes that are connected to unit channel i. The extracted unit slopes and unit channels as per GRASS-GIS are shown in Fig.1 . Although debris flow occurs once every few years in this basin, we selected a target year in which only small-scale floods occurred, in order to consider the runoff process under stable conditions. Under such conditions, weathering and exfoliation of the bedrock on bare slopes due to freeze-thaw action and erosion of the gully surface seem to be the dominant phenomena in the sediment production process. The produced sediment is deposited at the toe of slopes or gullies and forms talus cones. The talus sediment is fine enough to be eroded during floods with the enlargement of the channel width. Therefore, this erosion process seems to be dominant as the sediment supply process. Owing to the above-mentioned reason, we assume that the phenomenon depicted by * in Table 1 was dominant in each subprocess of the sediment runoff under these conditions.
(2) Sediment production model
Izumiyama et al. 5) have already proposed a numerical sediment production model resulting from freeze-thaw action on the surface of bedrocks. The weathering depth was estimated from the temporal change in the vertical distribution of temperature in bedrocks on some geological features. The vertical distribution of temperature was calculated from general meteorological data, such as air temperature, solar radiation, wind velocity, and humidity 7) . This model is employed for bedrocks on three bare slopes shown in Fig.1 ; that is, those composed of weathered granite, serpentine, and sedimentary rocks generated by landslides. Each bare slope has information on the elevation, slope, and direction at representative points. In addition, surface erosion depths for gullies are estimated by an equation proposed by Ashida et al. 1) . This equation is employed for gullies along channels shown in Fig.1 
. a) Bare slopes on granite
The depth of weathering is estimated by the distribution of the number of freeze-thaw times. The number of times is largest at the surface and decreases along with depth. Therefore, the depth, which experiences n times of freeze-thaw action, can be expressed as f(n). The weathering depth D j on bare slope j is estimated by D j =f(N c ) where N c is the critical number. The N c is assumed to be 10 based on the observation at the Tanakami mountain 6) . b) Bare slopes on serpentine and sedimentary rocks Bedrocks of serpentine and sedimentary rocks have relatively harder characteristics for the freeze-thaw action, as compared with that of granite. According to Izumiyama et al., a thin layer exfoliates on each freeze-thaw action. The exfoliation depth is estimated to be the particle diameter of the produced sediment. Therefore, the annual weathering depth D j is estimated as D j =dm j where d is the particle diameter of the produced sediment and m j is the number of freeze-thaw action times at the surface layer. The value d appears to be different depending on the geological features; however, we set it as the repre- sentative diameter of medium to fine sand d=0.25 [mm] , as experimental knowledge is not sufficient.
From the models a) and b), the annual volume of sediment production Q 1j can be described below:
where S bj is the area of the bare slope j.
c) Gully erosion on pyroclastic flow deposits
The gullies in this basin can be easily eroded by freeze-thaw action or by raindrops. According to Ahida et al. 1) , the annual erosion depth D' i on the gully surface along unit channel i is expressed by D' i =0.01H i where H i is the relative height of the gully wall. In this study, D' i was assumed to be the same as weathering depth D j . Therefore, the annual volume of sediment production Q 2i from the gully along unit channel i can be described below:
where l gi is the length of the gully, and  i is the inclination of the gully surface.
d) The timing of sediment production Observational difficulties do not allow us to estimate clearly when the sediment is produced and deposited at the bottom of valley. We assume that sediment production occurs just when the surface layer thaws (temperature changes from minus to plus Celsius). Therefore, the temporal sediment production Q proi (t) can be described below:
where m i is the number of bare slopes in unit slopes connected to unit channel i, n 1j and n 2i are the number of annual freeze-thaw action times, T 1j (t) and T 2i (t) are the functions that take 1 at the time of thawing, and 0 otherwise.
(3) Sediment supply model
In this study, talus erosion is assumed to be the main component of the sediment supply process. Takahashi et al.
2) already proposed a talus erosion model based on river bed erosion rates. However, the main factor of talus erosion seems to be the widening of channel flow especially in the target basin whose valley width varies widely. Therefore, the relationship between the valley width and the channel flow width may be a larger factor than the erosion rate of the riverbed. Owing to this reason, we developed a talus erosion model based on the temporal variation of channel flow width (Fig.2) .
The produced sediment is assumed to be deposited on one side of the channel. Then, the volume of talus per unit length S gi (t) beside the unit channel i is described below:
where n p (t) is the number of times of sediment production from the start to time t, t kp is the time of the sediment production event k p . Q supi (t) is the erosion rate of talus and is equal to the sediment supply rate to the channel, and S gi0 is the initial volume of the talus deposit. The sediment is supplied to the channel when the channel width widens and reaches the talus deposits. Q supi (t) is obtained by the equation below:
where B ci (t) is the channel width, Q i (t) is the water discharge at unit channel i, H si and B si (t) are the height and width of talus, respectively, and B vi is the valley width.
(4) Sediment transport model
The sediment transport model on unit slopes and unit channels proposed by Egashira and Matsuki 3) is employed. This model dealt with rainfall runoff on the unit slopes, and water and sediment transport in the unit channels. The kinematic wave method considering the surface flow and seepage flow in A layer and B layer is employed in the rainfall runoff part. The supplied sediment is treated as riverbed evolution by the equation below: (8) where z i is the river bed elevation at unit channel i. This equation is employed for every group of grain size in the actual calculation.
(5) Integration of each model
Each model is connected and integrated using GIS software as shown in Fig.3 . The timing and volume of sediment production are computed by the sediment production model from the topographical data and meteorological data. Using data on sediment production, the sediment supply model and transport model are employed simultaneously. As a result of this application, the water discharge, sediment discharge, and riverbed elevation can be obtained.
APPLICATION
The model was applied to the actual basin using meteorological data in 2012, which lacked debris flow and landslide events. The temperature and solar radiation data were obtained at the observation station in the target basin, and the rainfall data were observed at the rainfall gauge near the downstream end of the target basin (Fig.4) . The unit slopes and unit channels were extracted using the 5 m mesh DEM data from the Geospatial Information Authority of Japan. The inclination of each channel was obtained by dividing the difference of elevation between the upstream end and the downstream end of unit channel by its length. The representative three bare slopes and gullies were set to the target of the sediment production model (Fig.1) . The geological features of bare slopes were obtained from the Seamless digital geological map of Japan 1:200,000. The lengths of gullies l g were obtained by measuring the red lines in Fig.1 . The heights of gullies were set at 7 m because of limitations of the survey data. The width of the valley was obtained by measuring from an aerial photograph. The grain size distribution of the riverbed material and produced sediment was set as shown in Fig.5 . The parameters in the sediment transport model were set as noted in Table 2 .
(1) Application to the stable condition a) Calculation conditions
In this section, the model was applied for a stable condition lacking debris flows. We assumed that the weather in 2012 was repetitive. In this condition, the initial volume of the talus deposits S gi0 was obtained by B si0 = B vi  B ci0 where B si0 was the initial width of talus. B ci0 was the maximum channel width obtained by equation (5) in the floods during the target period, which was set from April 1 to October 31, 2012. The period for estimating the sediment production model started from September 1, 2011, as sediment production due to freeze-thaw action also occurs in the autumn. The produced sediment in the autumn of 2011 was assumed to have already been deposited by April 1, 2012.
b) Calculation results
The results of the sediment production model are shown in Table 3 . The volume of produced sediment was 3984 m 3 from gullies and 2911 m 3 from bare slopes. The estimated volume of sediment production from gullies was about 6000 m 3 according to the observational study by Sawada 8) . This value is in the same order of magnitude as that of the calculated value, although there are slight differences between both results. This might be because of the difference in watershed conditions, owing to the passage of time or due to differences in methods of measuring the area of gully surfaces. The calculated and observed water discharge at the observation station are shown in the upper row of Fig.6 . The cumulative bed load discharge and total sediment discharge in the calculation are shown in the middle row of Fig.6 . The result of the measurement of bed load by a hydrophone 9) is also shown here. It should be noted that the accuracy of the hydrophone is still developing; therefore, the comparison was conducted only roughly.
The calculated maximum water discharge and base-flow discharge after July agreed with the observations. The calculated water discharge in spring has a low accuracy as snowmelt and was not considered in this model. However, the difference seems to be acceptable as almost no sediment was discharged during the spring, according to the observations. The accumulated volume of calculated bed load discharge in this year was around 1400 m 3 , which roughly agreed with the observational value. The timing of large-scale sediment outflow also agreed with the observation. The lower row of Fig.6 shows the volume of sediment as talus cones. The volume gradually increased with sediment production in spring and decreased rapidly with the large flood on July 20.
The riverbed variations of point X (upstream), Y (middle), and Z (downstream) are shown in Fig.7 . The location of each point is shown in Fig.1 . In the upstream part of the channel, the riverbed aggraded and rapidly degraded to its original level. In contrast, in the middle and downstream sections of the channels, a part of the supplied sediment was deposited and caused riverbed aggradation. This result implies that a correlation between water discharge and sediment discharge in the mountainous watershed is exceedingly small. This result also agreed with existing knowledge that the sediment runoff has seasonal features in mountainous areas. In this section, the characteristics of sediment runoff and the deposition after a huge flood are discussed using a numerical model. We assume that relatively stable conditions continue for up to five years after a large flood, which decreases the volume of talus deposits. The seasonal variation in the relationship between water discharge and sediment discharge during the fifth year is also discussed. In the calculation, for the initial volume of talus cones, it was assumed that the talus was eroded 2 m more than the largest flood in 2012. Depending on this assumption, the initial volume was set by the equation below: 2
The meteorological data from April to October 2012 were employed five times to express stable conditions. The sediment production data from autumn 2011 to spring 2012 were also employed five times, and it was assumed that the produced sediment in autumn was deposited by April 1.
The annual volume of sediment outflow at the observation station and the difference in the total volume of talus cones during these five years are shown in the upper row of Fig.8 . The volume of sediment outflow was only 500 m 3 during the first year because the sediment supply occurred at limited channels. However, the annual outflow volume gradually increased to 3300 m 3 /year in the fourth and fifth years, because the sediment supply occurred at plural points where the sediment was produced. The volumes of taluses at the four different points (Fig.1) are also shown in the lower row of Fig.8 . The valley width and existence of bare slopes at each point are shown in Table 4 . According to this, the sediment supply occurred in the second year at point B, and in the third year at point D. On the other hand, no sediment supply occurred at points A or C. This is because the narrow valleys and active sediment production on bare slopes may have caused the early supply of sediment. Finally, the relationship between daily averaged water discharge and the volume of daily sediment outflow is shown in Fig.9 . The months of each day are shown by the point colors. According to this figure, the sediment discharge per water discharge gradually decreased until June. However, it increased rapidly because of sediment supply in July, following which it gradually decreased. This result clearly shows the characteristics of sediment runoff in mountainous watersheds where sediment discharge cannot be determined only by water discharge.
CONCLUSION
In this paper, an integrated model of sediment production, supply, and runoff is proposed, connecting the freeze-thaw action model, talus erosion model, and sediment and water runoff model on unit slopes and unit channels. As a result of the application of this model, characteristics of mountainous watersheds (i.e., fluctuation of sediment discharge brought by the sediment supply, differences in the behavior of riverbed evolution, and long-term variation of talus volume), were expressed qualitatively. The quantitative discussion is still difficult at present. However, the accuracy of the calculation can be improved using detailed topographic data and accurate observational data. Fig.9 . Monthly change in the relationship between the daily averaged water discharge and daily sediment outflow.
